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ARTICLE
Cycling on the edge: the effects of edge lines, slanted kerbstones, shoulder,
and edge strips on cycling behaviour of cyclists older than 50 years
Frank Westerhuis, Anselm B. M. Fuermaier, Karel A. Brookhuis and Dick de Waard
Traffic Psychology, Neuropsychology, University of Groningen, Groningen, The Netherlands
ABSTRACT
To prevent single-bicycle crashes, this study is the first to evaluate effects of slanted kerbstones,
edge lines, shoulder strips, and edge strips on cycling behaviour of cyclists 50 years. In
Experiment 1, 32 participants cycled on a control path and paths with edge lines, slanted kerb-
stones, and three types of 0.5m wide shoulder strips (with grey artificial grass, green artificial
grass, or concrete street-print). In Experiment 2, 30 participants cycled a different route including
a control path and paths with edge lines or 0.3m white edge strips. Cyclists rode closer to the
main cycle path’s edge in the shoulder strips conditions, although the presence of these strips
resulted in a larger total distance to the verge compared to the control condition. Furthermore,
cyclists cycled further from the verge in the edge strip condition than the control condition.
Safety implications of the shoulder and edge strips are considered to be positive.
Practitioner Summary: Older cyclists have a high risk for single-bicycle crashes (e.g. riding into
the verge). In two experiments, cyclists 50 years cycled a route where different treatments
were applied on a cycle path. Shoulder and edge strip treatments were related to more efficient
path use and safer distances from the verge.
Abbreviations: AGS: artificial grass strip; CL: control location; CSS: concrete street-print strip;
ELC: edge line continuous; ELI: edge line intermittent; LP: lateral position; SDLP: standard devi-
ation of the lateral position; SK: slanted kerbstones; WCES: white chippings edge strip
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1.1. Crashes of older cyclists
In The Netherlands, the bicycle is widely used as a daily
means of transport and increasing amounts of older
people (65þ) use a bicycle (Schepers, Stipdonk, et al.
2017). Cycling contributes to healthy, independent
mobility (Oja et al. 2011) and a safe infrastructure can
help to prevent crashes (Reynolds et al. 2009).
Although the cycling infrastructure in The Netherlands
is traditionally considered world leading in terms of
safety (Schepers, Twisk, et al. 2017), increasing amounts
of (older) cyclists and the developments with regard to
electric bicycles demand authorities to ensure that the
infrastructure is also suitable for these contemporary
demands (Wegman, Zhang, and Dijkstra 2012).
Single-bicycle crashes are common in the
Netherlands and older cyclists are particularly at risk
for sustaining serious injury in these crashes (Schepers
2013). Therefore, current policies in the Netherlands
emphasise that the safety of older cyclists should be
improved (Rijkswaterstaat 2016). It is estimated that
21% of all cyclist crashes, including younger and mid-
dle-aged cyclists, are caused by accidently leaving a
road and cycling into the verge (Schepers and Klein
Wolt 2012). Potential causes are cycling too close to
the edge, swerving, being distracted, misjudging the
course of the infrastructure, or being hit by another
road user (Schepers and Klein Wolt 2012; Davidse
et al. 2014). Westerhuis and De Waard (2016) found
that this situation also occurs on cycle paths: 20% of
their cyclists sample 50 years accidentally entered
the verge at least once during one week of everyday
cycling trips. Fortunately, these occurrences did not
result in falls or crashes. However, with level differen-
ces, near objects, or a marshy verge this may lead to
injuries. According to Davidse et al. (2014) in 15–27%
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of crashes they investigated cyclists hit a kerb or
entered the verge unintentionally.
Electric bicycles have gained popularity because
these allow people to cycle with less physical effort
compared to conventional bicycles (Theurel, Theurel,
and Lepers 2012; Berntsen et al. 2017). Longer distan-
ces and ascending trajectories become easier to cycle
and this makes it also useful for older cyclists or peo-
ple with physical complaints (Dill and Rose 2012).
There are indications, however, that e-cyclists have an
increased risk for a crash that requires treatment at an
emergency department (Schepers et al. 2014) and that
the injuries after a crash with an electric bicycle are
more severe compared to conventional bicycles, in
particular for older cyclists (Poos et al. 2017). A reason
could be that e-cyclists ride with higher speeds or
accelerate faster compared to conventional cyclists
(e.g. Vlakveld et al. 2015; Dozza, Bianchi Piccinini, and
Werneke 2016; Kovacsova et al. 2016; Schleinitz et al.
2017) although similar speeds and behaviour are also
found (e.g. Langford, Chen, and Cherry 2015;
Westerhuis and De Waard 2016).
Since crashes due to entering the verge can lead to
serious injuries, particularly for older cyclists, the cur-
rent study assesses infrastructure treatments that aim
to prevent cyclists from leaving a cycle path and
entering the verge. The goal of these treatments is to
provide extra guidance or offer more space to correct
course deviations while cycling.
1.2. Infrastructure treatments for run-off crashes
Although the current knowledge of infrastructure treat-
ment effects on cycling behaviour is limited, important
conclusions can be learned from car driving research
(Zegeer and Council 1995). Numerous studies use on-
road observations or crash data that are collected with
treatments in the real world (see e.g. Hatfield et al.
2009). Although this could be considered a preferred
method because of ecological validity (Hoc 2001), these
studies can be prone to confounding of treatments due
to other unique properties of locations (Fridstrom et al.
1995, cited in Hatfield et al. 2009; Wegman, Zhang, and
Dijkstra 2012). Therefore, simulators can be an alterna-
tive, although this method seems to limit ecological
validity compared with measuring on-road behaviour
(see e.g. Branzi, Domenichini, and La Torre 2017;
O’Hern, Oxley, and Stevenson 2017).
1.2.1. Line marking
Cyclists can be guided by delineation or line marking.
Line marking can be applied on the edge or in the
centre of a road or path to influence the position of
cyclists (i.e. edge lines or centrelines, respectively). For
example, Van Houten and Seiderman (2005) found
that cyclists keep more distance from parked cars
when edge lines are applied, compared to locations
without markings. On these locations, cyclists were
positioned in-between the car travel lane and parked
cars. Effects were found both when there was only an
edge line between the car travel lane and the cyclists,
and when there was a full cycling lane between the
car travel lane and the parked cars (i.e. edge lines to
the left and the right of the cyclists). Based on
detailed crash information, Schepers and den Brinker
(2011) argue that edge lines and centrelines should
be present on cycle paths to reduce single-
bicycle crashes.
For car driving, McKnight, McKnight, and Tippetts
(1998) found that only very low contrast delineation
conditions were related to reduced lane keeping per-
formance compared to normal or higher contrast con-
ditions. Steyvers and De Waard (2000) compared
driving behaviour on edge-lined roads with control
conditions either containing no delineation or centre-
axis delineation only. After comparing with roads with-
out edge lines, they found that car drivers keep a
greater distance from the road’s edge when edge lines
are applied. Additional results showed no differences
in perceived mental effort, driving performance, and
subjective ratings, suggesting that edge lines are a
basic and efficient way to keep drivers away from the
verge. Speed comparisons indicated that drivers drove
faster on edge-lined roads compared to non-
delineated roads, but there was no difference with
speed on roads with dashed centre markings (Steyvers
and De Waard 2000).
Few studies have been performed on centrelines
on shared paths for cyclists and pedestrians. In a blind
curve on a path that contained a yellow centreline
and a directional arrow, relatively more cyclists were
found to remain cycling in the proper lane, compared
to a pre-measurement at the same location (Jordan
and Leso 2000). Hatfield and Prabhakharan (2016)
found comparable effects: more cyclists tended to
cycle in their own lane on a shared path with a cen-
treline than on a path without a centreline. The
behavioural effects of centrelines on cycling behav-
iour, therefore, seem similar to car driving, because in
a driving simulator study De Waard, Steyvers, and
Brookhuis (2004) found that applying centrelines on a
two-way road caused drivers’ lateral position to move
closer to the edge, and therefore more into their own
lane, than on roads with no delineation.
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The effects of shared path centrelines on cycling
speed are mixed: observations of Hatfield and
Prabhakharan (2016) revealed that a centreline was
related to a lower cycling speed, while Boufous,
Hatfield, and Grzebieta (2018) concluded that cyclists
were more likely to cycle at higher speeds when a
centreline was present. They argue that this difference
could potentially be explained by the idea that cyclists
can interpret a centreline as being part of a road for
cars, and therefore might increase their speed. The
strongest predictor of an increased cycling speed was
for visually segregated paths: higher speeds were
more likely to occur when the areas for cyclists and
pedestrians differed in surface type or colour (Boufous,
Hatfield, and Grzebieta 2018).
1.2.2. Haptic feedback
Road users may also be warned that they are about to
drive off the road by haptic feedback. Haptic feedback
is often applied as an addition to lane marking by
means of rumble strips, Audio Tactile Lane Marking, or
Profile Lane Marking (PLM). These are milled-in or
raised markings that cause vibrations in the vehicle to
warn drivers that they are deviating from their lane.
Hatfield, Murphy, and Soames Job (2008) interviewed
775 Australian drivers on PLM and reported that 75%
believed it was an effective treatment to remain on
the road. In particular, the increased visibility of the
road edges and the urge to avoid the marking
because of unpleasant sound and vibration seem to
increase road safety. The most frequent application of
edge rumble strips is on alerting sleepy drivers (e.g.
Anund et al. 2008).
Haptic feedback may also be applied to centreline
markings in order to reduce head-on crashes on two-
lane rural roads (Persaud, Retting, and Lyon 2004).
Hatfield et al. (2009) suggest based on crash data that
profile markings both in the centre and near the edge
of the road are most effective in reducing crash risk.
Furthermore, haptic feedback is not necessarily
restricted to rumble strips. For example, De Waard
et al. (1995) investigated whether haptic feedback
could decrease comfort for speeding drivers and pre-
vent crashes due to swerving out of lane. They found
that combining visual narrowing of the lanes and
applying rippled surfaces on road edges reduced driv-
ing speed compared to a control location with edge
and centreline marking due to increased mental work-
load and discomfort while driving at higher speed.
Overall, Khan, Abdel-Rahim, and Williams (2015) con-
cluded that rumble strips lead to fewer crashes in car
drivers. However, Wu, Donnel, and Aguero-Valverde
(2014) did not find effects on injury severity.
1.2.3. Road widening
Zegeer et al. (1988) defined four factors to reduce
crashes on two-lane roads: lane width, shoulder width,
shoulder type, and roadside characteristics.
Observations on cyclist and pedestrian shared paths
indicate that a wider path is related to higher cycling
speeds (Boufous, Hatfield, and Grzebieta 2018).
However, the safety effects of widening a road on car
driving are mixed as Manuel, El-Basyouny, and Islam
(2014) found a negative association between the
amount of collisions and the width of the road, for
example. Some drivers might take more risk on wider
roads and drive at higher speeds than on roads that
are narrower (Lewis-Evans and Charlton 2006).
Widening a road is also an expensive treatment and
might therefore not be possible in many occasions.
1.2.4. Shoulders and shoulder characteristics
So-called ‘forgiving roadsides’ can be applied to allow
road users who are drifting off the road to safely
return back onto that road without risking a crash
(Wegman, Aarts, and Bax 2008). Safety effects can be
achieved by paving the shoulders (Ogden 1997) or by
increasing the width of the shoulder (Gross and
Donnel 2011).
Objects near a road or cycle path are also poten-
tially dangerous for causing a crash while cycling
(Fabriek, De Waard, and Schepers 2012). For car driv-
ers, collisions with objects (e.g. trees or poles) are
related to a higher risk for severe or fatal injuries com-
pared to crashes with guardrails or concrete barriers
(Holdridge, Shankar, and Ulfarsson 2005). Limiting or
removing roadside objects increases the forgivingness
of a road because obviously a road user cannot collide
with these anymore but they can often also return to
the road safely (Wegman, Aarts, and Bax 2008). Since
it is not always possible to remove such objects, their
visibility can also be increased by changing colour,
increasing contrast, or adding delineation (Schepers
and den Brinker 2011; Fabriek, De Waard, and
Schepers 2012).
1.2.5. Infrastructure treatments for forgiving
cycle paths
The current study evaluates infrastructure treatments
designed to increase cycling safety by changing the
edge of a cycle path. For this, the influence of differ-
ent types of edge lines, shoulder strips, and edge
strips on cyclists’ lateral position, swerving (SDLP),
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speed, and subjective opinion was measured to
explore their potential use for providing safety and
comfort for older cyclists. An increase in lateral pos-
ition and a decrease in the amount of swerving are
considered safer, because the chance of (accidentally)
leaving the path are smaller and there is more space
available to correct a potential mistake. Effects on
speed were also explored because bicycle infrastruc-
ture treatments are also known to influence cycling
speed differently (e.g. Hatfield and Prabhakharan 2016;
Boufous, Hatfield, and Grzebieta 2018). Therefore, no




Two separate within-subjects experiments were per-
formed on two locations where different variants of
cycle path treatments were applied. The experimental
treatments were specifically designed for this research
and constructed in cooperation with the provincial
authorities of Fryslân and Overijssel in the
Netherlands. Because the provided locations were
70 km apart and the accompanying treatments were
produced at different time periods, two separate
experiments were performed: Experiment 1 and
Experiment 2.
In Experiment 1, two variants of edge markings and
three types of 0.5m wide paved shoulder strips were
added next to a cycle path. These were compared
with two control conditions that contained a similar
sized cycle path without treatment. In Experiment 2,
three types of edge lines and one condition with a
0.3m wide white edge strip of light coloured chip-
pings was placed on the edge of the cycle path.
These treatments were compared with one control
condition. The participants only participated in one of
the experiments and were asked to cycle a short pre-
defined route on their own bicycle that we equipped
with research instrumentation. During the experiment,
they passed the infrastructural treatments while lateral
position, swerving, speed, and subjective opinion were
measured. Ethical consent was provided by the Ethical
Committee Psychology (ECP) of the University of
Groningen (PPO-013-253 & PPO-015-007).
2.2. Participants
Thirty-two and 30 cyclists participated in Experiment 1
and Experiment 2, respectively (see Table 1). The min-
imum age for participation was 50 years and all partici-
pants had to be capable of riding their own bicycle
safely and independently through everyday traffic.
One participant in Experiment 2 was excluded due to
not having cycled for many years. Two groups were
included in each experiment: cyclists with a conven-
tional bicycle and cyclists with an electric bicycle. No
specific selection strategy was applied, however. The
participants were asked to preferably use their own
bicycle although a loan bicycle was also available.
Recruitment took place by means of advertisements
in local news media, posters in local supermarkets,
invitations sent to local cycling clubs and unions, and
via word of mouth. The participants were told that the
study was about ‘the experience of a cycle path’ and
that cyclists older than 50 years were invited to bring
their own bicycle to cycle a fixed route of 12 or 6 km
on a cycle path near their village. No further details
were provided other than that their bicycle would be
equipped with small cameras, that they would be
asked several questions about their experience, and
that a financial compensation of e15 was offered.
2.3. Locations and experimental designs
In Experiment 1, the participants cycled a 6 km cycle
path in a rural area and passed five experimental and
two control sections. The experimental conditions con-
tained infrastructural treatments such as white Edge
Lines Continuous (ELC), white Slanted Kerbstones (SK),
and three types of shoulder strip conditions: Grey and
Green Artificial Grass Strips (AGS) and Concrete Street-
print Strips (CSS, see Figure 1(A–E)). These shoulder
strips were different from the cycle path’s main sur-
face and caused clear and uncomfortable vibrations in
the bicycle to warn the cyclists that they had left the
cycle path. Although the surfaces were sufficiently
firm to safely return to the cycle path, they were not
Table 1. Participants’ demographic characteristics.
Experiment Bicycle N % Male Age (in years) Weekly cycled km
Exp. 1 Conventional 17 70.6 M ¼ 66.5, SD ¼ 8.0 M ¼ 34.4, SD ¼ 26.5
Electric 15 40.0 M ¼ 70.2, SD ¼ 9.8 M ¼ 61.1, SD ¼ 59.8
Total 32 56.3 M ¼ 68.3, SD ¼ 9.0 M ¼ 46.5, SD ¼ 45.9
Exp. 2 Conventional 20 50.0 M ¼ 61.6, SD ¼ 5.1 M ¼ 78.4, SD ¼ 70.9
Electric 10 60.0 M ¼ 65.5, SD ¼ 7.2 M ¼ 79.5, SD ¼ 54.7
Total 30 53.3 M ¼ 62.9, SD ¼ 6.1 M ¼ 78.7, SD ¼ 65.0
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designed to cycle continuously over and acted as a
buffer zone in-between the cycle path and the verge.
As the route consisted of one straight cycle path,
the participants turned around halfway and rode the
same path back to the starting point. The lengths of
the treatment areas differed between 50m and 225m
and the order of the conditions was fixed (see Table 2).
Two Control Locations (CL1 and CL2; Figure 1(F,G)) that
matched the width of the treated cycle paths were also
measured. Because the SK treatment was applied on an
asymmetrical cycle path that was wider than any cycle
path in the near area, this treatment was also com-
pared with CL1.
In Experiment 2, the participants cycled a 2.5 km
long two-way cycle path in a rural area and passed
four experimental conditions and one control condi-
tion in a fixed order. This route was also a ‘there and
back’ trip, meaning that the participants covered a
total distance of 5 km. The experimental treatments
either had intermittent edge lines located 5 cm or
15 cm from the path’s edge (ELI 5 and ELI 15, respect-
ively), a continuous edge line located 15 cm from the
Figure 1. All conditions from Experiment 1. (A) Edge Lines, (B) White Slanted Kerbstones, (C) Grey Artificial Grass Strips, (D) Green
Artificial Grass Strips, (E) Concrete Street-print Strips, (F) Control Location 1, (G) Control Location 2.
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path’s edge (ELC 15), or White Chippings Edge Strips
(WCES) each 30 cm wide on both sides of the path
(see Figure 2). The design of the edge strip was differ-
ent from the shoulder strips in Experiment 1 because
the edge strip was placed on the edge of the main
cycle path and therefore a part of the cycle path’s
main surface. The lengths of the treatment areas var-
ied between 135 and 950m and there was little to no
distance in-between treatments (see Table 2). The
Control Location (CL3) was equally wide as the pave-
ment of the experimental locations and did not con-
tain edge lines or strips (see Figure 2(E)).
2.4. Materials and equipment
The bicycle rides were recorded with two Contour þ
2TM digital action cameras with GPS that were
mounted on the participants’ bicycles. The cameras
recorded videos with a resolution of 1280 720 (180
degrees field of view) at 30 frames per second. A
measurement tool was used before each bicycle ride
to capture the real-world distances in the video
(Westerhuis et al. 2017). A public-transport (loan)
bicycle was also provided in case participants could
not bring their own bicycle.
2.5. Questionnaires and interviews
The participants gave written informed consent and
completed a questionnaire and a semi-structured
interview. The questionnaire concerned demographics
and cycling habits and the interview after the bicycle
ride was about the participants’ subjective experiences
of the experimental treatments. During this interview,
participants were asked whether they remembered
the treatments and what their opinion was about the
effectiveness and safety of these. Pictures of the
conditions were used if participants could not remem-
ber a location. Based on the experiences of
Experiment 1, the questions for Experiment 2 were
made more succinct to increase the efficiency of the
interviews. An overview of the questions in the inter-
views is listed in Appendix A.
2.6. Procedure
Participants who were interested contacted the
researchers by email or telephone. Before the experi-
ment, they received a package with general informa-
tion about the experiment, directions to the study
location, and the questionnaire concerning demo-
graphics and cycling habits. Participants were invited
to bring their own bicycle and were awaited by two
researchers. One researcher provided them with add-
itional information about the purpose and the ration-
ale of the experiment, the camera instrumentation,
and the route, while the other researcher installed and
calibrated the two cameras on the bicycle. The cam-
eras were mounted on the handlebars as described in
Westerhuis et al. (2017). One camera was aimed for-
ward to record the cyclist’s view and the other was
aimed downward to measure lateral position (see
Figures 1–3). GPS data concerning position and speed
was also recorded. A measurement tool was used to
determine real world distances (Figure 3).
Although the routes differed between Experiment 1
and Experiment 2, the procedures were the same. All
participants were asked to cycle alone to prevent the
influence of a companion (De Waard et al. 2010). The
instructions were to cycle normally and they were
given a phone number to call the researcher if neces-
sary. No hints or instructions concerning any of the
treatments were provided. The participants could
enter the cycle path and cycle in the indicated
Table 2. Experimental conditions properties.
Condition
Order Distance in-between (m) Treatment length (m) Sampling stretch (m) Path width (m)
Strip width (cm)Outbound/Return O R O R O R O R O R
SK – 7 – – – 90 – 85 – 2.5 –
ELC 1 6 525 0 90 50 85 50 2.5 2.3 –
CL 1 2 5 1650 450 1600 1600 85 85 2.3 2.3 –
Grey AGS 3 4 0 1650 225 225 85 85 3.0 3.0 50
Green AGS 4 3 0 0 75 75 75 75 3.0 3.0 50
CSS 5 2 0 0 150 150 85 85 3.0 3.0 50
CL 2 6 1 0 0 575 575 85 85 3.0 3.0 –
ELI 5 cm 2 4 45 0 450 450 102 102 3.5 3.5 –
ELI 15 cm 3 3 0 45 950 590 102 102 3.5 3.5 –
ELC 15 cm 4 2 0 0 135 510 102 102 3.5 3.5 –
WCES 5 1 0 0 340 340 102 102 3.5 3.5 30
CL 3 1 5 0 – 100 100 91 91 3.5 3.5 –
AGS: Artificial Grass Strip; CL: Control Location; CSS: Concrete Street-print Strip; ELC: Edge Line Continuous; ELI: Edge Line Intermittent; SK: Slanted
Kerbstones; WCES: White Chippings Edge Strip.
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direction until they noticed a ‘Turn Around’ sign. At
this point, they turned and cycled the same route
back to the starting location.
After the ride, the participants were asked by
means of open-ended and Likert-scale questions
whether they recognised each condition and what
their opinion was about the treatments. The questions
concerned general opinion, perceived usefulness, and
estimated effects on safety. In Experiment 1, open
conversations concerning the shoulder strip and con-
trol conditions were initiated by the experimenters. In
Experiment 2, the participants were asked about all
conditions, although the questions in this experiment
were more specific and structured to save time based
on the experience of Experiment 1. Questions con-
cerning the edge lines that were 5 and 15 cm from
the path’s edge were combined because it was diffi-
cult to see the difference while cycling. To explore
whether participants remembered the locations in
Experiment 1, they were first asked what they have
seen without mentioning anything specific about the
conditions. If they were unable to recall a location, a
photo was shown after which the remaining questions
were asked. The participants also watched video
recordings of their own bicycle ride on a laptop screen
in Experiment 1. In Experiment 2, participants were
explicitly asked whether they could remember an
intervention (yes or no) after they were shown a
photo and to what extent they believed that a condi-
tion would help to keep cyclists on the cycle path (on
a 5-point Likert scale ranging from ‘not’ to
‘very much’).
2.7. Data processing and statistical analysis
Video and speed data were analysed with the Contour
StorytellerTM for WindowsTM, VLC Media PlayerTM, and
a digital ruler (JRuler ProTM). The videos were viewed
Figure 2. All conditions from Experiment 2. (A) Intermittent Edge Lines 5 cm, (B) Intermittent Edge Lines 15 cm, (C) Continuous
Edge Lines 15 cm, (D) 30 cm White Chippings Edge Strip, (E) Control Location 3.
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in Contour StorytellerTM to determine when partici-
pants passed each condition in the video. The GPS
data of these timeframes were exported to a comma-
separated values file (.csv) and average speed data
were calculated in MicrosoftTM ExcelTM. All locations
were selected to have minimal gradient differences,
although the Grey Artificial Grass treatment in
Experiment 1 contained some level differences within
the lateral position sampling area. For this reason, a
larger speed sampling window for this treatment
was measured.
Lateral position was measured by inserting the
recording of a measurement tool as a video overlay in
VLC Media PlayerTM (see Figure 3). As each stripe of
the tool represented 25 centimetres, the lateral pos-
ition was measured by adding up all stripes plus the
measured value of the last stripe that hit the shoulder.
JRuler ProTM was calibrated to reflect the size of the
last stripe and its value was measured.
For each condition and participant, lateral position
samples over a fixed measurement area were scored
and mean Lateral Position (LP) and Standard Deviation
of the Lateral Position (SDLP) were calculated as the
primary dependent variables. The size of the measure-
ment areas ranged between 50m and 102m per con-
dition (see Table 2 in section 2.3). Lateral position was
sampled on fixed visible parts of the path, in
Experiment 1 these were the dashed centrelines, in
Experiment 2 these were the transition points of the
cycle path’s surface blocks. Because the participants
turned around halfway the route, all conditions were
passed and measured twice except for the Slanted
Kerbstones condition that was only applied to one
side of the cycle path (see Table 2). Lateral position
was measured as the distance between the bicycle’s
front wheel and the edge of the main cycle path’s
pavement to keep the measurements the same
between conditions.
The first analyses concerned potential differences
between users of conventional and electric bicycles.
Mann Whitney U Tests were performed to compare
lateral position, swerving, and speed measurements
between the groups collapsed over all conditions.
Omnibus tests and pairwise comparisons were per-
formed by means of the Friedman Test and Wilcoxon
Signed Ranks Test, respectively. Treatment and control
locations that best matched the width of the treated
sections were compared. In Experiment 1, the Edge
Lines and Slanted Kerbstones treatments were com-
pared with Control Location 1 and the shoulder strips
conditions were compared with Control Location 2. In
Experiment 2, all treatment conditions were compared
with Control Location 3 (see Table 2). Because non-
parametric analyses do not allow testing for
Figure 3. The lateral position measurement process with VLC Media PlayerTM and JRuler ProTM. In this example, the lateral pos-
ition is measured and calculated as 75 cm þ 12 cm ¼ 87 cm.
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interaction effects, ipsative scores of each treatment
were calculated and compared per bicycle type by
means of Mann Whitney U Tests. For all pairwise com-
parisons, Bonferroni correction was applied to control
for alpha inflation error in multiple testing (i.e. a ¼
.0055). Effect sizes for non-parametric data were calcu-
lated and interpreted using the r statistic (Fritz, Morris,
and Richler 2012). An effect size of r > .1 is considered
a small effect, r > .3 a medium effect, and r > .5
resembled a large effect.
During the study, 10 participants were either initiat-
ing or performing an overtaking manoeuvre. This
manoeuvre increased their lateral position and swerv-
ing values compared to when they were not overtak-
ing a cyclist. The overtaking manoeuvres for these
participants were therefore discarded from the analy-
ses by removing all samples in-between a continu-
ously increasing sequence of lateral position values
followed by a continuously decreasing sequence of
lateral position values. A similar procedure was per-
formed when participants entered one of the shoulder
strips to try these out. In total, 14 overtaking manoeu-
vres and 11 manoeuvres in which participants inten-
tionally entered the shoulder strips were removed
from the dataset (see Appendix B for more details).
The average cycling speed for each condition was
derived from the camera’s GPS data and analysed as
the third dependent variable. The same overtaking
and try-out manoeuvres that were discarded during
the lateral position sampling process were also
removed in the speed sampling procedure. One condi-
tion of one participant was additionally removed as he
or she encountered a small group of cyclists who
could not be overtaken before the condition ended.
This event slowed the participant down.
The answers in the post-ride interviews about the
experimental treatments of Experiment 1 were clus-
tered and assigned to one of three categories (i.e.
positive, neutral, and negative) by two researchers
independently. Inter-rater reliability was calculated by
means of the linear weighed kappa statistic (Hallgren
2012). Hereafter, the researchers reached a joint
agreement on the items that were rated differently
and the resulting percentages of the coded answers
were calculated. In Experiment 2, the participants’
answers were recoded into ‘very helpful’ (categories
‘much’ and ‘very much’), ‘rather helpful’ (categories ‘a
little’ and ‘to some extent’) and ‘not helpful’ (cat-




No significant effects of bicycle type on any of the
infrastructure treatments were found in Experiment 1.
In Experiment 2, only the overall mean lateral position
of cyclists with an electric bicycle was higher com-
pared to cyclists using a conventional bicycle (see
Table 3). No effects on swerving or speed were found
in Experiment 2. For this reason, only lateral position
was analysed per bicycle type to explore potential
effects of the experimental conditions.
3.2. Lateral position
In Figure 5, the mean lateral position values per condi-
tion and bicycle type are shown. The first analysis
Table 3. Descriptive statistics and non-parametric test results for the differences between users of conventional and electric
bicycles, collapsed over all conditions.
Experiment Variable Mean (± SD) Conventional Mean (± SD) Electric U Z p r
Exp. 1 Lateral Position 67.88 ± 15.57 68.81 ± 14.59 127 0.02 .99 0.00
SDLP 16.48 ± 3.73 14.39 ± 4.09 81 1.76 .08 0.31
Speed 18.05 ± 2.99 17.76 ± 2.08 106 0.52 .61 0.09
Exp. 2 Lateral Position 76.54 ± 15.70 87.58 ± 10.31 54 2.02 .04 0.37
SDLP 15.01 ± 3.90 15.89 ± 1.86 78 0.97 .33 0.18














< < < <
Figure 4. A schematic representation of the conditions for
Experiment 1 (left: 1A¼ Edge Line, 1B¼ Slanted Kerbstones,
1C¼Grey Artificial Grass, 1D¼Green Artificial Grass,
1E¼ Street-print, 1F¼ Control Location 1, 1G¼ Control
Location 2) and Experiment 2 (right: 2A¼ Intermittent Edge
Lines 5 cm, 2B¼ Intermittent Edge Lines 15 cm,
2C¼ Continuous Edge Lines 15 cm, 2D¼White Chippings Edge
Strip, 2E¼ Control Location 3). The notch represents the edge
of the path that was used to measure the lateral position.
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revealed a significant main effect of the conditions on
lateral position in Experiment 1 (v2 (7) ¼ 136.39, p <
.001). Pairwise comparisons with the control condi-
tions showed that the mean lateral position at the
Edge Line and Slanted Kerbstones locations was sig-
nificantly higher than in the Control Condition.
Furthermore, in all the Shoulder Strip conditions
cyclists rode significantly closer to the edge of the
main path than in the Control Condition. There were
large effect sizes (see Table 4). The analyses of
Experiment 2 also revealed a significant main effect
on lateral position (v2 (4) ¼ 34.19, p < .001). Pairwise
comparisons revealed that only the mean lateral
position on the White Chippings Edge Strip location
was higher compared to the Control Condition
(Table 4).
Because in the overall analyses of bicycle type only
effects were found on lateral position in Experiment 2,
additional analyses were performed for each interven-
tion condition in this experiment. As displayed in
Table 5, the analyses revealed that cyclists with an
electric bicycle maintained a larger distance from the
edge than cyclists with a conventional bicycle in all
conditions. However, due to the Bonferroni correction
for multiple comparisons, these effects did not reach
significance. Also none of the ipsative scores compari-
sons revealed significant effects of bicycle type.
3.3. Swerving (SDLP)
As displayed in Figure 6, all SDLP values were similar
to the Control Condition with the exception of the
Edge Line and Slanted Kerbstones in Experiment 1.
The Non-Parametric Friedman Test resulted in a signifi-
cant main effect of location on swerving in
Experiment 1 (v2 (7) ¼ 47.67, p < .001) and, as dis-
played in Table 6, these effects were only significant
in the Edge Line and Slanted Kerbstones conditions
compared to the control condition. The analyses of
Table 4. The results for the pairwise effects on lateral pos-
ition for the conditions in Experiment 1 and 2.
Condition Z df p r
Edge Lines – White 4.94 1 <.001 0.87
Slanted Kerbstones – White 4.56 1 <.001 0.81
Artificial Grass Strip – Grey 4.45 1 <.001 0.79
Artificial Grass Strip – Green 4.49 1 <.001 0.79
Concrete Street-print Strip 4.77 1 <.001 0.84
Edge Line 5 cm Intermittent 2.40 1 .017 0.44
Edge Line 15 cm Intermittent 1.16 1 .245 0.21
Edge Line 15 cm Continuous 0.11 1 .910 0.02
White Chippings Edge Strip 3.57 1 <.001 0.65
Bonferroni corrected a ¼ .0055.






Grey Artificial Grass Strip 50cm
Green Artificial Grass Strip 50cm
Concrete Street-print Strip 50cm
Control Location 2
White Chippings Edge Strip 30cm
Edge Line 15cm Continuous
Edge Line 15cm Intermittent
Edge Line 5cm Intermittent
Control Location 3







Figure 5. The average lateral position (in cm) per condition:
0¼ right hand cycle path edge as indicated in Figure 4. The
error bars represent the standard error of the mean (S.E.).
Table 5. Lateral position effects of bicycle type for each condition in Experiment 2.
Location Mean (± SD) Conventional Mean (± SD) Electric U W Z p r
White Chippings Edge Strip 30 cm 83.56 ± 15.96 96.42 ± 13.82 53 263 2.07 .039 0.38
Edge Line 15 cm Continuous 75.16 ± 17.14 87.35 ± 12.69 47 257 2.33 .020 0.43
Edge Line 15 cm Intermittent 74.44 ± 18.09 83.61 ± 9.61 61 271 1.72 .086 0.31
Edge Line 5cm Intermittent 73.44 ± 16.87 82.89 ± 13.45 64 274 1.58 .113 0.29
Control Location 3 76.07 ± 15.40 87.62 ± 11.08 53 263 2.07 .039 0.38
Bonferroni corrected a ¼ .01.





Grey Artificial Grass Strip 50cm
Green Artificial Grass Strip 50cm
Concrete Street-print Strip 50cm
Control Location 2
White Chippings Edge Strip 30cm
Edge Line 15cm Continuous
Edge Line 15cm Intermittent
Edge Line 5cm Intermittent
Control Location 3
Standard Deviation of the Lateral Position (cm)
*
*
Figure 6. The average SDLP (in cm) per condition. The error
bars represent the standard error of the mean (S.E.).
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Experiment 2 did not reveal a main effect of SDLP (v2
(4) ¼ 3.65, p ¼ .46). Furthermore, analyses in which
the treatments’ ipsative scores of SDLP were com-
pared per bicycle type, only showed a medium effect
on the Edge Line Intermittent 15 location. On this
treatment are, it seems as if cyclists with an electric
bicycle swerve less than cyclists with a conventional
bicycle (MConventional ¼ 1.87 (±6.47) and MElectric ¼
4.46 (±2.70). However, this effect did not reach
Bonferroni-corrected significance (U¼ 39; z ¼ 2.68, p
¼ .007, r¼ .47).
3.4. Speed
In Figure 7, the average speeds per condition are
listed. A non-parametric Friedman Test revealed a sig-
nificant main effect in Experiment 1 (v2 (7) ¼ 142.43, p
< .001). Further comparisons resulted in large signifi-
cant differences between the control condition and
each of the intervention conditions (see Table 7),
meaning that participants cycled at a higher speed in
the control conditions than in the experimental condi-
tions. The analyses also revealed a significant main
effect in Experiment 2 (v2 (4) ¼ 27.93, p < .001) and,
based on the pairwise comparisons, this effect was
only significant in the 5 cm Edge Line condition (see
Table 7).
For the Green Artificial Grass and Concrete Street-
print treatments, large significant effects of bicycle
type on the ipsative scores of speed were found.
Cyclists with an electric bicycle decreased their speed
less than cyclists with a conventional bicycle on these
treatment areas (see Table 8).
3.5. Subjective opinion
According to the guidelines of Landis and Koch (1977,
cited in Hallgren 2012), the researchers reached mod-
erate, substantial, and almost perfect inter-rater reli-
ability for the Green Artificial Grass Strip, the Concrete
Street-print Strip and the Grey Artificial Grass Strips,
respectively, in Experiment 1 (see Table 9). The aver-
age percentages of the researchers’ joint agreements
are also displayed in Table 9. A majority of participants
remembered the interventions except for the Grey
Artificial Grass strip condition in Experiment 1.
Furthermore, there were no distinct differences
between the subjective evaluations of the shoulder
strip conditions in Experiment 1 and no clear prefer-
ence could therefore be derived. In Experiment 2,
however, the 15 cm Continuous Edge Line and the
30 cm White Chippings Edge Strip were the most
Table 6. The results for the pairwise effects on swerving
(SDLP) for the conditions in Experiment 1 and 2.
Condition Z df p r
Edge Lines – White 3.39 1 .001 0.60
Slanted Kerbstones – White 3.52 1 <.001 0.62
Artificial Grass Strip – Grey 0.72 1 .472 0.13
Artificial Grass Strip – Green 0.44 1 .660 0.08
Concrete Street-print Strip 0.11 1 .911 0.02
Edge Line 5 cm Intermittent 1.00 1 .318 0.18
Edge Line 15 cm Intermittent 0.60 1 .551 0.11
Edge Line 15 cm Continuous 1.31 1 .192 0.24
White Chippings Edge Strip 0.36 1 .721 0.07
Bonferroni corrected a ¼ .0055.
All effects are comparisons with the control conditions.





Grey Artificial Grass Strip 50cm
Green Artificial Grass Strip 50cm
Concrete Street-print Strip 50cm
Control Location 2
White Chippings Edge Strip 30cm
Edge Line 15cm Continuous
Edge Line 15cm Intermittent









Figure 7. The average cycling speed (km/h) per condition.
The error bars represent the standard error of the mean (S.E.).
Table 7. The results for the pairwise effects on speed for the
conditions in Experiment 1 and 2.
Condition Z df p r
Edge Lines – White 4.86 1 <.001 0.87
Slanted Kerbstones – White 4.86 1 <.001 0.87
Artificial Grass Strip – Grey 4.31 1 <.001 0.76
Artificial Grass Strip – Green 4.66 1 <.001 0.82
Concrete Street-print Strip 3.95 1 <.001 0.70
Edge Line 5 cm Intermittent 4.20 1 <.001 0.77
Edge Line 15 cm Intermittent 0.14 1 .885 0.03
Edge Line 15 cm Continuous 0.66 1 .510 0.12
White Chippings Edge Strip 1.87 1 .061 0.34
Bonferroni corrected a ¼ .0055.
All effects are comparisons with the control conditions.
Table 8. Mann–Whitney U significant test results (a  .0055)






electric U z p r
Green AGS 1.53 (±1.10) 0.52 (±0.46) 45.0 3.12 .002 0.51
Street-print 0.98 (±0.72) 0.21 (±0.46) 32.5 3.59 <.001 0.54
Bonferroni corrected a ¼ .0055.
The Ipsative Scores are the difference scores per Treatment (i.e.
Treatment – Control Condition).
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positively evaluated interventions (see Table 10).
Examples of specific comments for the 30 cm White
Chippings Edge Strip ranged from ‘clear’ and ‘smart,
you will feel it instantly’ to ‘keep away from that strip!’
and ‘it makes me insecure’.
4. Discussion
4.1. Main findings
In this study, the effects of nine interventions on or
near the edge of a cycle path on lateral position,
swerving, and speed were examined with cyclists aged
50 years and older. Two experiments were performed
of which the first contained a cycle path with either
edge lines, slanted kerbstones, or three types of shoul-
der strips with surfaces made of grey and green artifi-
cial grass, and street-print. In the second experiment,
three types of edge lines or a white edge strip made
of chippings were added onto the surface of the cycle
path. The participants cycled a route in one of the
experiments and they passed the intervention loca-
tions and control locations, for which the latter only
contained a similar sized cycle path with no additional
interventions.
Participants with either a conventional or a pedal
electric bicycle were recruited for the experiments.
The first analyses concerned potential behavioural dif-
ferences between the users of the two bicycle types.
Only differences on the overall lateral position meas-
urements are found in Experiment 2, where cyclists
with an electric bicycle cycle further away from the
edge of the path than cyclists with a conventional
bicycle. Because this effect was only found on lateral
position in Experiment 2 and not in Experiment 1, it is
unclear whether these effects are generalisable to
other locations. Perhaps the larger width of the path
or the absence of centrelines influenced the lateral
position, although this did not lead to differences in
swerving behaviour or speed between the
two groups.
The effects of the Edge Line treatments on cycling
behaviour are inconsistent between experiments and
conditions. In Experiment 1, cyclists were found to
keep more distance from the edge of the cycle path,
to swerve more, and to cycle slower in the Edge Line
condition compared to the Control condition. In
Experiment 2, however, it was found that only in the
5 cm Intermittent Edge Line condition cyclists tend to
cycle faster and closer to the edge of the cycle path
than in the control condition. These were large and
medium effects, respectively, of which only the first
reached significance. The analyses of the remaining
conditions did not reveal any effects.
Because the effects are opposite and the absolute
differences between the means in Experiment 2 are
very small, it is difficult to fully attribute the effects to
the Edge Line interventions. Because the Edge Line
location of Experiment 1 was within a village, con-
tained a slight curve in the first (outbound) part, and
a bus stop platform in the second (return) part of the
cycle path, it is possible that these elements also
affected cycling behaviour. The outbound and return
journeys of the Edge Line and control conditions in
Experiment 2 were all in a very similar (rural) environ-
ment and this could explain the absence of differen-
ces between the Edge Line conditions in Experiment
2. A limitation of Experiment 2 is that there was no
centreline marking and that the contrast between the
road surface and the edge line conditions was lower
compared to Experiment 1. It seems unlikely, however,
that the contrast was too low to have an effect
(McKnight, McKnight, and Tippetts 1998) because the
Table 9. Subjective opinions in percentages for the treatments in Experiment 1.
Treatment
Remembered
after presentation Positive Neutral Negative Weighed j
Grey Artificial Grass Strip 50.0 36.7 30.0 33.3 0.89
Green Artificial Grass Strip 84.4 38.7 29.0 32.3 0.55
Concrete Street-print Strip 56.3 38.7 25.8 35.5 0.72
The evaluations include all participants and not only who remembered the intervention.
Table 10. Subjective opinions in percentages for the treatments in Experiment 2.
Treatment
Remembered
after presentation Very helpful Rather helpful Not helpful
No Line (Control Condition) 90.0 33.3 33.3 33.3
Edge Line 5–15 cm Intermittent 90.0 44.4 48.1 7.4
Edge Line 15 cm Continuous 80.0 91.7 8.3 0.0
White Chippings Edge Strip 30 cm 100.0 86.7 10.0 3.3
The evaluations include all participants and not only who remembered the intervention.
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vast majority of participants could remember these
interventions.
The effects of the White Slanted Kerbstones are
similar to the effects of the Edge Line condition of
Experiment 1. Cyclists at this location cycle further
away from the edge of the cycle path, swerve more,
and have a lower speed compared to the control con-
dition. Perhaps a similar limitation as with the Edge
Line condition of Experiment 1 applies here as well:
because the cycling lane of this intervention was
20 cm wider than the control location, it is difficult to
fully ascribe the found effects to the treatment. Also,
during the data scoring process the researchers
noticed that many participants cut the (slight) curve
on this location and it could be that this affected lat-
eral position and SDLP. For this reason, it is recom-
mended to further investigate these effects with a
pre-post-test study design that enables measurements
of both conditions in the same environment or very
similar locations.
Large and significant effects were consistently
found on lateral position and speed for all the shoul-
der strip treatments in Experiment 1. On these loca-
tions, the cyclists are positioned between 11 and
15 cm closer to the edge of the cycle path (i.e. the
edge of the asphalt) and cycled up to 1 km/h slower
on average compared to the control condition. This
finding is similar to the behaviour of car drivers, as
multiple studies such as Bella (2013) and Mecheri,
Rosey, and Lobjois (2017) found that increasing the
size of the shoulder is related to a lateral position shift
towards the edge of a road. A possible explanation for
the decreased lateral distance could be that the
cyclists experience the shoulder strips as clear zones,
similar to the effect of car drivers who are positioned
closer to the edge of a road when there is less vegeta-
tion or when there are less trees or other objects near
a road’s edge (Fitzpatrick, Samuel and Knodler 2016).
With regard to run-off crashes, a treatment is con-
sidered to increase safety if the position of cyclists is
further away from the verge compared to the control
condition. For this reason, the effects of the shoulder
strips on lateral position seem to decrease rather than
increase safety. However, the distances that cyclists
shift to the right (i.e. between 11 and 15 cm) were
smaller than the space that was added by the shoul-
der strips in-between the cycle path and the verge
(i.e. 50 cm). Because the shoulder strips are only
designed to create a buffer zone for cyclists to return
to the cycle path, the net distance between the
cyclists and the soft verge actually increased with
35–39 cm. An implication for this finding is that with
the addition of shoulder strips, cyclists use the avail-
able space on the cycle path more efficiently when
these strips are applied and this could provide more
room for overtaking or oncoming cyclists, both being
difficulties that older cyclists experience (Westerhuis
and De Waard 2016). At the same time, the distance
to the verge is also increased with a buffer zone
between the cycle path and the verge.
In the 30 cm edge strip condition in Experiment 2,
the cyclists were positioned approximately 8 cm fur-
ther away from the verge than in the control condi-
tion. This seems as an opposite effect compared with
the shoulder strips in Experiment 1, although it is
important to note that the edge strip was painted on
the cycle path surface itself and only visually
decreases the total width of the cycle path, although
it is still part of the cycle path’s surface. This could
mean that the edge strip is effective in moving a cyc-
list away from the verge without paving an additional
strip next to the cycle path. This treatment is therefore
more a relocation rather than a creation of space, and
these effects are similar to increasing the size of the
shoulder of car drivers by shifting the edge line
towards the centre of the road (Mecheri, Rosey, and
Lobjois 2017).
The effects of the treatments in Experiment 1 on
cycling speed were all large and consistent: in all
treatment areas the cyclists rode slower. This can also
be considered a safety increase because with a lower
speed there is more time to correct a mistake com-
pared to higher speeds. Furthermore, it is important
to note that the cycling speeds were still sufficient to
balance a bicycle (CROW 2007, cited in De Waard
et al. 2010). In Experiment 2, however, limited effects
of the treatments on cycling speed were found.
With regard to the type of bicycle (conventional or
electric), it seems that the decrease in cycling speed
on the Green Artificial Grass and Concrete Streetprint
treatments was stronger for cyclists with a conven-
tional bicycle than for cyclists with an electric bicycle.
It could be that the speed reduction for electric
bicycles is less pronounced because these bicycles will
keep providing some support even if a cyclist is only
pedalling slower and not braking. However, it is
unclear why this effect only occurred on these specific
treatments. It could be that, because of the relative
‘open’ landscape that surrounded these treatments
(i.e. relatively few trees and buildings), the wind had
more influence on the speed of cyclists with a conven-
tional bicycle than on cyclists with an electric bicycle.
In particular when cycling against the wind, the
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support that an electric bicycle provides can assist
with maintaining speed.
The 30 cm edge strip was also among the most
positively evaluated treatments by the cyclists in
Experiment 2. Because no clear subjective preference
could be derived regarding the shoulder strip condi-
tions in Experiment 1, the concrete street-print and
the white chippings edge strip treatments seem to be
the preferred options based on their effects on cycling
behaviour and the subjective ratings. Also, because
the placement of artificial grass requires a foundation
made of concrete or a similar material, the concrete
street-print strip is presumably the least expensive
form of the shoulder strip conditions and provides the
largest effects. Although the size of the lateral position
effect of the edge strip is smaller than the shoulder
strips of Experiment 1, this intervention could also be
cheaper to construct and be less prone to subsidence.
For this reason it might be more suitable for locations
where the available space next to a cycle path
is restricted.
4.2. Limitations
There were also several limitations due to the study
and its design. First, it is possible that the cyclists who
participated in the study were relatively ‘fit’ compared
to the ‘average’ older cyclist. A potential reason for
this is that the study required participants to be able
to cycle at least 12 or 6 km, and that they could come
to the research location with their own bicycle. We
would have liked to also include cyclists that rarely
cycle or struggle with cycling, but response rate to
calls to participate of these people is low.
Because the participants were all asked to cycle the
same route, they passed all the locations in the same
order in each experiment. It could therefore be that
participants’ bias increased with the number of treat-
ment conditions that they encountered because they
could make an estimation of the goal of the study
based on the treatments that were already passed
(expectancy effect). Also the number of passed treat-
ments alone can cause expectations and practice,
independently of the content. The preferred option
would be to present the conditions in a randomised
order, but this was physically not possible in this
research setting.
A third limitation is that all interventions were
entirely new for the participants and that there might
have been a novelty effect that influenced their
behaviour. It could therefore be that the participants
were looking at the treatments and that this lured
them towards the edge of the road, automatically
resulting in a different lateral position compared to a
control location. Although the researchers tried to
control for these influences by filtering out overtaking
and ‘try out’ manoeuvres, it cannot be ruled out that
an influence of these novelties remains to exist.
Additionally, it could be that cyclists were more ‘used’
to one condition than another because they had spent
more time on longer treatment sections than sections
that were shorter. Also, small gaps between treat-
ments can make a new encountered treatment attract
attention and influence behaviour. Although the
researchers tried to maintain some distance between
the measurement stretches of each condition, this was
not always possible due to other factors such as lim-
ited space to perform measurements or the presence
of curves that prevented measurements on part of the
treatment areas. These factors could therefore have
influenced the measurements, although the lengths of
the sections should be sufficient to assess effects
especially given the fact that this study was performed
in a real world situation. Further research to assess the
long-term effects of the infrastructure treatments is
also recommended because it is possible that cyclists
get used to the different environments. As a conse-
quence, it could be that the effects diminish
over time.
4.3. Experimental control in applied research
With regard to the limitations, it should be noted that
the researchers tried to gain as much experimental con-
trol as they could, although due to the applied charac-
ter of this study this was not possible in all instances.
However, because the treatments in this study were
tested in a real cycling environment in which cyclists
used their own bicycles, this is also considered a
strength because of the high ecological validity.
In future studies, perhaps a more balanced approach
of experimental control and applied, ecologically valid
measurements can be used. For example, it could be
possible to use a bicycle simulator to pre-select meas-
ures that are potentially the most effective in influenc-
ing cycling behaviour (e.g. O’Hern, Oxley, and
Stevenson 2017). Also because it is very expensive and
time-consuming to construct these treatments on a real
cycle path, a simulator could give insight into the
expected effects of different treatments in the real
world. In a simulator, it would be possible to test differ-
ent treatments in exactly the same (virtual) environ-
ments, to balance order of conditions over participants,
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and construct the most effective treatments in larger
areas on a real cycle path.
5. Conclusions
To the best of the authors’ knowledge, this paper
describes one of the first studies in which the effects
of different edge lines, slanted kerbstones, shoulder
strips, and edge strips on cycling behaviour are meas-
ured using a within-subjects experiment with older par-
ticipants on their own bicycles. Although the effects of
the edge lines and slanted kerbstones were inconsistent,
large effects of the shoulder and edge strip conditions
were found on cycling behaviour. In the treatments
where shoulder strips were placed next to the cycle
path, and contained a different type of surface than the
main cycle path, cyclists maintained a smaller distance
from the edge of the path and cycled at lower speeds
compared to the control condition. However, because
the shoulder strips were placed in-between the main
cycle path and the soft verge, the net distance to the
verge is increased because the average distance that
cyclists moved to the right was less than the width of
the shoulder strip. The white chippings edge strip condi-
tion, however, was not added next to the path but was
part of the main cycle path’s surface. This treatment
therefore resulted in a larger distance from the soft
verge compared to the control location, essentially drift-
ing cyclists away from the verge without paving new
strips in the shoulder of a cycle path: the path is only
visually narrowed. The most preferred strip interventions
were the concrete street-print shoulder strips and white
chippings edge strips, because these seem to have the
largest effects on lateral position, are presumably the
least expensive to construct, and offer solutions for dif-
ferent types of locations.
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Appendix A. The questions of the post-ride interviews for Experiment 1 and Experiment 2
Appendix B. Exclusion criteria and the amount of cyclists of whom (parts of the) measurements
were discarded from the analyses
Procedure Post-ride Interviews Experiment 1
1. Short verbal introduction of the area where the treatment was applied.
2. Question: ‘Can you remember this area?’
If yes: the researcher continues with question 3.
If no: the researcher shows a picture of the treatment and continues with question 3.
3. Question: ‘Could you describe what you have seen there?’
4. The researcher shows the video of the participant cycling past the modifications.
5. Question: ‘Could you describe your first reaction when you saw these modifications?’
6. Question: ‘What is your opinion about these modifications?’
Procedure Post-ride Interviews Experiment 2
1. Researcher shows photo of the treatment location.
2. Question: ‘Can you remember this section?’
3. Question: ‘What do you think about this measure in general?’
4. The researcher monitors and writes down whether the participant’s opinion is positive or negative.
5. Question: ‘To what extent do you believe that these modifications contribute to keeping cyclists on the cycle path?’
6. Question after all treatments were discussed: ‘Do you have a preference for one of the treatments?’
Exclusion criterion Measures Experiment Condition(s) N Freq.
Overtaking LP, SDLP, and Speed 1 ELC 1 1
SK 1 1
Grey AGS 2 2
Green AGS 3 3
CL 1 1 1
CL 2 1 1
2 ELI 5cm 1 1
ELC 15cm 2 2
WCES 1 1
CL 3 1 1
Entering Strip(s) LP, SDLP, and Speed 1 Grey AGS 2 2
Green AGS 4 5
CSS 3 3
2 WCES 1 1
Speed Obstruction Speed 1 CL 1 1 1
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